Background: Male genitals have repeatedly evolved left-right asymmetries, and the 17 causes of such evolution remain unclear. The Drosophila nannoptera group contains four 18 species, among which three exhibit left-right asymmetries of distinct genital organs. In the 19 most studied species, Drosophila pachea, males display asymmetric genital lobes and 20 they mate right-sided on top of the female. Copulation position of the other species is 21
perhaps independent [13, 14] , or that behavior could simultaneously impede and drive 48 evolutionary diversification of different characters [12, 15, 16] . So far, it appears that the 49 effects of behavioral changes on the evolution of morphological traits cannot be 50 generalized and that they require case-specific assessments. 51
The evolution of left-right asymmetric genitalia in insects is a case where 52 morphology was proposed to have evolved in response to changes in mating behavior 53 [17] . Asymmetric genitalia are observed in many species and phylogenetic studies 54 indicate that they have evolved multiple times independently from symmetric ancestors 55 [18, 19] . While most extant insect species copulate with the male being on top of the 56 female abdomen, the ancestral mating position in insects is inferred to be a configuration 57 with the female on top of the male [18, 20, 21] . The extant male-on-top configuration has 58 likely evolved multiple times in insects [20] . Such changes in mating position probably 59 altered the efficiency of male and female genital coupling, and may have led to the 60 evolution of genital asymmetries to optimize the coupling of genitalia [17] . 61
The nannoptera species group belongs to the genus Drosophila and consists of four 62 described species that feed and breed on rotten pouches of columnar cacti of the genus 63
Stenocereus and Pachycereus in Northern and Central America [22] [23] [24] . These species 64 are particularly interesting to study the evolution of genital asymmetry because distinct 65 genital structures were identified to be asymmetric in three out of the four described 66 species of this group. D. acanthoptera males have asymmetric phallus, D. pachea males 67 have a pair of asymmetric external lobes with the left lobe being approximately 1.5 times 68 longer than the right lobe [25, 26] , and in the sister species D. wassermani males have a 69 pair of asymmetric anal plates (cerci) [25] . In contrast, no asymmetries are known in the 70 The observation of a right-sided mating posture and asymmetric male genitalia in D. 89 pachea led us to wonder whether morphological asymmetry in the nannoptera group 90 species might have evolved in response to the evolution of one-sided mating [17] . We 91 therefore decided to investigate copulation position and aedeagus asymmetry in species 92 closely-related to D. pachea, and to reconstruct their most likely evolutionary history. 93
94

Results
95
The phallus of D. pachea is asymmetric 96
The shape of the aedagus/phallus of D. pachea has not been described previously. 97
We examined the aedeagus of two dissected D. pachea males using scanning electron 98 microscopy (SEM) and found that both were strikingly asymmetric ( Fig. 1 ). Aedeagi were 99 strongly bent, dorsally flattened and pointed at the dorsal tip. Their ventral region bore two 100 ventrally pointing asymmetric spurs, one positioned apically, the other sub-apically. The 101 gonopore was positioned dorso-apically on the right side of the aedeagus. The aedeagal 102 parameres broke off during dissection and were not visualized. In order to corroborate the 103 SEM observations, we dissected and examined 10 aedeagi of D. pachea males using light 104 microscopy. Apical and subapical spurs, as well as a right-sided gonopore, were 105 consistently observed in all preparations (n=10, Supplementary Fig.1 ). Our results indicate 106 that the D. pachea phallus is directionally asymmetric (Fig. 2b) . 107 108 Aedagus asymmetry is observed in D. acanthoptera but not in D. nannoptera, D. 109 machalilla and D. bromeliae 110
We compared aedeagus shapes in several species that are closely related to D. 111 pachea (Fig. 2) . As previously described [27] , the aedeagus of D. acanthoptera was 112 found to be asymmetrically bent (n=10). Two asymmetric spurs were found at the ventral 113 apical tip of the aedeagus, with the right spur being consistently longer than the left spur 114 ( Fig. 2e, Supplementary Fig.2 ). However, in contrast to D. pachea, no dorso-apical 115 gonopore was observed on the right side of the apex. Aedeagi of D. nannoptera males 116 ( Fig. 2k, Supplementary Fig. 3 ) were found to be symmetric (n=15). The ventral side of the 117 apex revealed two apical elongations with slightly variable lengths at the left and right side 118 (n=15, Supplementary Fig.3 ). The variation in length was not directional and thus 119 considered to reflect random fluctuating asymmetry. The ventral tip of the aedeagus of D. 120 machalilla (atalaia species group) (n=10) displayed two lateral hooks ( Fig. 2n , 121 Supplementary Fig.4 ), of the same length on both sides. The aedeagus of D. bromeliae 122 showed two lateral symmetric ridges (n=10) ( Fig. 2q , Supplementary Fig. 5 ). In summary, 123
aedeagus asymmetry was only observed in D. pachea and D. acanthoptera, and distinct 124 phallus structures were found to be asymmetric in these species. 125 previous findings [28] that D. nannoptera, D. acanthoptera and D. pachea form a 137 monophyletic group with a short internode branch length between the split of the D. 138 nannoptera lineage and the separation of D. acanthoptera and D. pachea. Also, D. 139 machalilla and D. bromeliae form two close outgroup lineages of the nannoptera clade [28, 140 34, 35] , followed by the repleta group species D. buzzatii and D. mojavensis [28] . 141
For each species, we introduced a single virgin female and a single virgin male into 142 a circular mating chamber and recorded the couple until copulation ended or for 45 min 143 when no copulation was detectable. We obtained 315 movies, of which 111 were used for 144 assessing courtship duration, 146 for copulation duration and 124 for copulation posture 145 analysis (supplementary dataset 3). Most movies were discarded because no copulation 146 occurred or individuals had damaged wings or legs (all reasons listed in supplementary 147 dataset 3). As previously described [36] [37] [38] , copulation duration varied significantly 148 among species (ANOVA, df1 = 9, df2 = 136, F = 73.38, p < 2e-16) ( Table 1 ). We could 149 reproduce a previously reported trend that copulation duration in nannoptera group 150 species was remarkably long compared to D. mojavensis and D. buzzatii of the repleta 151 group, with copulation duration of 88.49 min ± 35.18 min for D. acanthoptera, 29.58 ± 7.86 152 min for D. pachea and 11.9 ± 4.2 min for D. nannoptera (mean ± SD). In comparison, 153 copulation duration of D. buzzatii 1.79 ± 0.65 min and D. mojavensis 2.3 ± 0.35 min (mean 154 ± SD) of the repleta species group was shorter and similar to D. machalilla 2.28 ± 0.53 min 155 and D. bromeliae 0.92 ± 0.28 min (mean ± SD) ( Table 1) . 156
To assess mating posture, we calculated the angle between a line drawn through 157 the male head midline and the female scutellum tip and a second line drawn through the 158 female head midline and the female scutellum tip ( Supplementary Fig. 7A ). The angle was To compare mating angles between species, it is necessary to examine copulation 167 postures at the same corresponding time point during copulation. At copulation start, the 168 male position on top of the female was found to be greatly variable between couples, even 169 within a single species, so this time point was not considered appropriate for our 170 comparative analysis. Since copulation duration varies greatly between species, finding 171 another comparable time point across species was not trivial. We subdivided copulation 172 into two phases, an initial phase where the male is on top of the female abdomen but 173 consistently moving legs and abdomen, and a second phase when the male maintains an 174 invariant position relative to the female, which can sometimes walk or move its legs 175 ( Supplementary Fig. 6 ). The "settling time point" is defined as the time point between the 176 first and second phase, when the male adopts an invariant position relative to the female. 177
For our cross-species analysis we chose to assess copulation angle at two time points: (1) 178 right after the male had settled into an initial invariant copulation position (the settling time 179 point) and (2) at 10% of elapsed time between the settling time point and the end of 180 copulation (10% stable copulation time point). For species with a mean copulation duration 181 > 2.5 min, > 15 min or > 60 min, we also measured the angles every 2.5 min, 5 min or 10 182 min, respectively. This allowed us to follow mating postures of each species over the 183 course of copulation. 184 Table 2 ). No significant one-sided copulation postures were detected in D. 187
acanthoptera and the other seven tested species including D. melanogaster (Fig. 3a,b) . 188
Over the course of copulation, mating angles continued to range over zero for D. 189 melanogaster and D. acanthoptera (Fig. 3c,d Left-sided angles were only observed during the first two minutes of copulation. On 210 average, the male tended to initially adopt a right-sided copulation posture with an angle of 211 10.36° ± 6.88° (mean ± SD) (n=25) between 0-1 min after copulation start (Table 3) . Over 212 the course of copulation, the angle then increased to 27.16° ± 10.81° (n=29) between 3-4 213 min after copulation start (Table 3) left and right sides. Here, we compared aedeagus morphology of at least 10 specimens of 232 five different species that belong to the nannoptera species group and closely related 233 species. We did not detect aedeagus asymmetry in the tested species outside of the 234 nannoptera species group and found that within the nannoptera group only D. 235 acanthoptera and D. pachea but not D. nannoptera reveal striking left-right asymmetries 236 ( Fig. 4 ). We did not evaluate aedeagus asymmetry of D. wassermani, as this species is not 237 available for examination and our attempts to catch specimen in the wild were not 238 successful (see materials and methods). Asymmetries differed between D. pachea and D. 
Long copulation duration is specific to the nannoptera group species 256
We observed that nannoptera species copulated considerably longer than any 257 representative species of the close outgroup lineages (Fig. 4 ). This trend was previously 258 reported by Pitnick and Markow (1991) [36, 37] , where the authors compared 259 copulation duration of nannoptera group species with repleta group and other species. 260
Here we included two additional closely related species, D. machalilla and D. bromeliae, 261
and observed that their copulation durations were relatively short. Our observations 262 therefore indicate that a long copulation duration is specific to the nannoptera group. At the two measured time points during copulation, the angle between the male 280 midline and the female midline during copulation was distributed symmetrically around 281 zero, indicating a symmetric mating position in all tested species except D. pachea and D. 282 nannoptera. Our previous data from D. pachea [26, 29] was re-analysed in this study 283 with a different measurement approach and led to the same conclusion as our earlier 284
reports. In addition, we found that D. nannoptera adopts a right-sided mating position with 285 angle values that were slightly higher than in D. pachea (Fig. 3 Across the nannoptera group, we find no striking correspondence between right-307 sided mating posture and asymmetric male genitalia. For example, D. acanthoptera has an 308 asymmetric aedeagus but mates in a symmetric overall posture. On the opposite, no 309 directional asymmetry is detected in the male (external and internal) genitalia of D. 310 nannoptera, but males adopt a right-sided copulation posture (Fig. 4) . Based on our 311 phylogeny, D. nannoptera presents the earliest branching lineage within the nannoptera 312 group. In this sense, right-sided mating postures could have originated earlier during 313 evolution than asymmetric morphologies and may have been lost in D. acanthoptera. 314
However, the internode branch length between the split of the D. nannoptera lineage and 315 the separation of D. acanthoptera and D. pachea is short and statistical support is weak 316
[28] . Thus, phylogenetic relationships within the nannoptera group remain to be 317 resolved and it is more appropriate to regard all nannoptera species as sister species. 318
So far, we conclude that both right-sided copulation behavior and asymmetric male 319 genitalia evolved within the nannoptera species group and that diversification of both traits (Fig. 4) . The association of right-sided mating with giant sperm 331 production actually holds better than with asymmetric male genital morphology because D. 332 acanthoptera has an asymmetric aedeagus but has relatively small sperm [48] and 333 mates in a symmetric overall posture (Fig. 4) Virgin males of at least 14 days after hatching from the pupa were transferred into a 398 2 mL reaction tube, snap frozen in liquid nitrogen and stored in ethanol at -20°C. For 399 dissection, frozen and fixed males were placed in 80% ethanol at room temperature and 400 the aedeagus was dissected out with fine needles. Tissues were dried using an EM 401 CPD300 automated critical point dryer (Leica) and mounted on aluminium stubs with the 402 distal end facing upwards and coated with platinum/palladium (20 nm). Each aedeagus 403 was SEM-imaged with a JSM-7500F field emission scanning electron microscope (Jeol) at 404 270x magnification. 405
Analysis of aedeagus asymmetry by light microscopy 407
The terminal segments of the male abdomen were picked out with fine forceps and 408 boiled for 10 min in two drops of 30% KOH. Genital parts were further dissected on a 409 microscope slide (Thermo Scientific Menzel) in a drop of water using 0.1 mm Minutien 410
Pins (Fine Science Tools) under the stereo-microscope K-500 (VWR). Dissected 411 structures were mounted in pure glycerol on 1.5 mm concave microscope slides 412 The divergence estimate for all analyzed species was set to 40 ± 5 Ma [56] . 430
Copulation recording 432
Emerged flies (0-14 h) were anesthetized with CO 2 , separated according to sex and 433 transferred into food vials in groups of either 5 females or 5 males using a Stemi 2000 434 (Zeiss) stereo microscope and a CO 2 -pad (Inject+Matic sleeper). Flies were maintained at 435 22°C or 25°C until they reached sexual maturity (Supplementary Table 1 ). Males of D. 436 bromeliae, D. melanogaster, D. pachea and D. nannoptera were isolated into single vials 437 for at least two days before the experiment was performed. For video recording, one male 438 and one female were introduced with a self-made fly aspirator by mouth suction into a 439 circular plastic mating cell with a diameter of 10-12 mm, a depth of 4mm and a transparent 440 1-mm Plexiglas cover [26] . For copulation recording of D. acanthoptera, flies were let to 441 initiate copulation in a food vial and were then rapidly transferred to the mating cell. 442
Movies were recorded in a climate controlled chamber [26] at 22 or 25 ± 0.1°C 443 and 60% or 85% ± 5% humidity (supplementary datafile 3). Flies were filmed from above 444 using digital microscope cameras 191251-62 (Conrad), DigiMicro Profi (DNT) or 445 MIRAZOOM MZ902 (OWL). Movies were recorded with the program GUVCVIEW (version 446 0.9.9) GTK UVC or Cheese (version 3.18.1) (https://wiki.gnome.org/Apps/Cheese) at a 447 resolution of 800 X 600 pixels on a Linux Ubuntu operating system. Movies were recorded 448 until copulation ended or for at least 45 min when no copulation was detectable. After 449 movie recording, flies were dissected or stored in ethanol at -20°C. 450 451
Multiple species mating position analysis 452
Each movie name consisted of a three-letter abbreviation for the species filmed, an 453 additional two-digit number that also indicated the species and a two-digit number for each 454 respective experiment. Movies were analyzed with the video editor OpenShot 1.4.3 (Open 455 Shot Studios, Texas, USA). Courtship start, copulation start, the settling time point and the 456 end of copulation were annotated manually by two different persons, except for movies of 457 D. pachea and D. melanogaster, which were annotated only by one person 458 (supplementary datafile 3). Courtship was defined to start when the male displayed at least 459 three consecutive typical courtship behaviors, such as tapping the female, following the 460 female's abdomen, licking the female oviscapt or the ground beneath the female 461 abdomen, wing rowing (D. melanogaster) or other wing vibrations [57] . Courtship was 462 defined to end with the start of copulation, when a male started to mount the female 463 abdomen. Only cases where the male remained mounted on the female for at least 15 sec 464 were counted as copulation starts. Copulation was defined to end when the male had 465 completely descended from the female abdomen with the forelegs detached from the 466 female dorsum and female and male genitalia being separated. As mentioned above, the 467 male moved its legs and abdomen for a certain time period (considered as the settling 468 phase) until adopting an invariant abdomen posture at the settling time point 469 (supplementary datafile 3, Supplementary Fig. 6 ). The remaining copulation period was 470 defined as the stable copulation period ( Supplementary Fig. 6 ). In fact, this period was 471 often interrupted by periods of vigourous movements in D. melanogaster, D. tripuncata 472 and D. willistoni. In the other species, males remained rather invariant on the female 473 abdomen after the settling time point. 474
We video-recorded 315 movies, of which 111 were used for assessing courtship 475 duration (supplementary dataset 3). Reasons for discarding 204 movies for courtship 476 duration measurements were: wrong handling of the camera or the software, damaged 477 files: 4; incomplete recording of courtship: 43; fly leg or wing damaged: 27; no copulation 478 after 45 min of experiment start: 129; wing damaged and incomplete recording of 479 courtship: 1. A total of 146 movies were used for the analysis of copulation duration. 480
Reasons for discarding 169 movies for copulation duration measurements were: wrong 481 handling of the camera or the software, damaged files: 4, incomplete recording of 482 copulation: 7, fly leg or wing damaged: 27, no copulation after 45 min of experiment start: 483 129; multiple reasons: 2 (supplementary dataset 3). From these 146 movies, we had to 484 exclude 22 movies for the assessment of the copulation posture because landmark 485 positions could not be observed. This was mainly due to couples being recorded from the 486 ventral view. As a result, 124 experiments were used for assessment of the copulation 487 posture (supplementary dataset 3). One additional movie was discarded for posture 488 assessment at the 10% stable copulation time point because the female head was not in 489 the camera field of view. 490 The angle was measured using three landmarks on the female and male body: the 497 anterior tip of the female head along its mid-line (P1), the distal tip of the female scutellum 498 (P2) and the most posterior medial point of the male head (P3) (supplementary Fig. 7a ). In 499 cases where images were too dark, positions of P1 and P3 were approximated as the 500 anterior and posterior mid distances between the eyes and the position of the scutellum tip 501 (P2) was approximated by the medial dorsal point at the body constriction observed 502 between the third thoracic and first abdominal segment. Position landmarks were placed 503 manually on each image using imageJ and data analysis was done using R. Briefly, 504
coordinates (supplementary dataset 4) were rotated and scaled, so that all P1 points were 505 superimposed and all P2 points as well (supplementary Fig. 7B-K) . The angle P1-P2-P3 506 ( Supplementary Fig. 7A ) was used to measure one-sidedness of mating positions (Fig. 3) . 507
Repeatability of landmark positioning was assessed by two independent rounds of 508 coordinate acquisition for all species at one specific time point during copulation, the 10% 509 Flies were reared and isolated before copulation as described above. One female 519 and one male were CO 2 anesthetized and transferred onto a white plastic support (mating 520 cap) and were caged with a transparent plastic cylindrical 25 mm x 7 mm cap. Once 521 courtship was observed, mating caps were put on a motorized horizontally turning stage 522 (0-30 rpm) (grinding stone 8215, Dremel) in front of a camera MIRAZOOM MZ902 (OWL) 523 and copulation was recorded with the camera being put into an optimized frontal view 524 towards the female head by rotating or turning the mating cap. The transparent cap was 525 optionally removed once copulation had started. The yield of informative experiments with 526 these settings was poor as we performed 167 mating experiments but only 29 experiments 527 were informative for our data analysis (supplementary datafile 6, reasons for discarding 528 the experiments are listed). Images were extracted with avconv (see above) every 15-30 529 sec or when the flies were visible in a frontal view. We measured the inclination of the 530 male body relative to the female dorso-ventral axis by using three landmarks: P4 as the 531 medial most dorsal edge of the female head (often visible by the ocelli), P5 being the most 532 ventral medial position of the female head (the female proboscis) and P6 as the medial 533 most dorsal edge of the male head (often visible by the ocelli) and measuring the angle 534 between the lines drawn through P4-P5 and P5-P6 ( Supplementary Fig. 8, supplementary  535 datafile 7). 536 
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